Background-Mitral valve prolapse (MVP) is a common disorder associated with mitral regurgitation, endocarditis, heart failure, and sudden death. To date, 2 MVP loci have been described, but the defective genes have yet to be discovered.
M itral valve prolapse (MVP) is a common disorder that exhibits a strong hereditary component. It occurs in Ϸ2.4% of the general population. 1, 2 Patients exhibit fibromyxomatous changes in the mitral leaflet tissue that cause superior displacement of the leaflets into the left atrium. [2] [3] [4] MVP can be associated with significant mitral regurgitation (MR), bacterial endocarditis, congestive heart failure, and even sudden death, [5] [6] [7] [8] and it is the most common primary cause of isolated MR requiring surgical repair. 9
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Although autosomal dominant inheritance has been described for MVP 10, 11 and MVP occurs in connective tissue disorders such as Marfan syndrome, 12, 13 previous studies have failed to establish linkage of familial MVP with fibrillar collagen genes. 14, 15 Prior negative linkage results may have been related to lack of systematic examination of the entire human genome and uncertainty of phenotypic diagnosis. More recently, understanding of mitral valve shape has improved specificity of echocardiographic diagnosis 16 -20 as the basis for genetic studies.
Accordingly, linkage of myxomatous MVP to chromosome 16 (MMVP1) was reported in 2 of 4 families studied through the use of current diagnostic criteria and a conservative model of disease inheritance. 21 We have also previously reported linkage of an MVP locus, MMVP2, on chromosome 11p15.4 in a single large pedigree. 22 The current diagnostic approach has also revealed a X-linked form of MVP. 23 Together, these studies demonstrate the power of the phenotyping and confirm the genetic heterogeneity of this common disorder.
These findings suggest the hypothesis that MVP may be the final common outcome resulting from one of multiple genetic defects, analogous to familial hypertrophic cardiomyopathy. 24, 25 Finding additional loci containing diverse but functionally related genes could provide helpful clues for gene identification and increase our understanding of the pathogenesis, with the ultimate goal of developing targeted therapies. Therefore, the aim of the present study was to search for a new MVP locus by genome-wide scanning in a single large pedigree. Studying familial MVP can also provide unique insights into clinical findings of currently uncertain significance by testing for genetic linkage of individuals with variations of mitral valve morphology that do not meet standard criteria but resemble those in fully affected family members-possible early forms that could ultimately guide interventions to limit progression.
Methods

Pedigree Collection
This study was carried out on a pedigree of 46 individuals with living members in 3 generations. Echocardiograms and blood samples were obtained on 43 members of the pedigree. The proband was a physician self-referred for family analysis of MVP. This family was selected because of its substantial size, the number of members with fully diagnostic MVP, and the absence of Marfan features.
Clinical Evaluation
A detailed medical history was obtained from each family member to address the following: (1) evidence of Marfan syndrome or other connective tissue disorders; (2) history of panic attacks with anticipatory anxiety or fear of additional attacks; (3) thoracic cage deformities; (4) symptoms of chest pain, shortness of breath, and palpitations; (5) progression of MR, rupture of chordae tendineae, and surgical valve repair; (6) history of sudden death, with or without resuscitation; and (7) history of congenital heart disease, cardiomyopathy, or coronary heart disease. Marfan syndrome was defined by the presence of joint laxity, tall body habitus with long limbs relative to torso, aortic dissection and aneurysm, scoliosis, and ocular abnormalities and was excluded by detailed history, visual assessment of body habitus, and echocardiographic evaluation of the aorta.
Data Acquisition
Blood samples were collected on 43 of the 46 family members at the time of echocardiography. Transformed lymphoblast cell lines were established for those with confirmed MVP, and DNA was extracted directly from blood for all others. Complete 2D and Doppler echocardiograms were recorded with a 2.5-to 5.0-MHz transducer to optimize resolution. MVP was diagnosed in long-axis views that contain the highest annular points, 16 -20,26 and the medial, central, and lateral valve scallops were scanned systematically to measure maximal systolic leaflet displacement beyond the annulus. Subjects with both thickened (Ͼ5 mm) and relatively thinner leaflets were considered to have fully diagnostic MVP because both occur within the same pedigrees. 21, 27 Because the lateral scallop is difficult to evaluate from long-axis views, its displacement was measured in the apical 4-chamber view but always confirmed in the long-axis scans. 17, 28 Thickness of the leaflet midportion was examined during diastasis, excluding focal thickening and chordae. 17, 29 All studies had Institutional Review Board approval with written informed consent.
Echocardiographic Classification
Echocardiographic classification was performed before any genetic analysis. On the basis of prior clinical and prognostic studies, classic MVP is diagnosed if leaflet displacement exceeds 2 mm and maximal thickness is Ն5 mm; MVP is considered nonclassic if displacement exceeds 2 mm but maximal thickness is Ͻ5 mm. 17, 19, 20, 26, 30 In the genetic studies, both of these fully diagnostic forms of MVP (classic and nonclassic) were considered affected. Nondiagnostic forms of uncertain clinical importance were described from the common feature of posterior leaflet asymmetry, which is frequent in fully diagnostic MVP members. Subjects with borderline degrees of displacement (Յ2 mm involving the posterior leaflet and not associated in a prior preliminary report with increased leaflet thickness, MR, left atrial enlargement, or valve-related complications) 31 were designated as having "minimal systolic displacement," and these 6 individuals (12769, 12277, 12188, 13549, 12270, and 12191) were considered unknown rather than unaffected for the genetic analysis. This method allows for the possibility that in some instances minimal displacement may represent a mild form of expression as opposed to a physiological variant of leaflet position.
We also recognized an interesting prodromal morphology after reviewing this and other families collected as part of our ongoing genetic studies of MVP. These subjects do not have diagnostic leaflet displacement beyond the annulus, but their pattern of leaflet closure or coaptation resembles that of other family members with fully expressed MVP. Normally, the leaflets meet posteriorly within the LV cavity because the posterior leaflet is shorter than the anterior ( Figure 1A ). In patients with MVP, coaptation is typically displaced anteriorly, consistent with elongation of the posterior leaflet, which can produce excessive leaflet motion not only into the left atrium but also toward the aortic root. Compare Figure 1C , in which classic MVP leaflets meet halfway up the dotted annular line, with Figure  1B , which shows a subject with no displacement of leaflets into the left atrium beyond the annulus but with an anterior shift of the coaptation point. This shift has been correlated quantitatively with posterior leaflet length (see Discussion). We therefore suggest that this pattern may represent an early or prodromal manifestation of familial MVP without diagnostic leaflet displacement into the atrium but with 2 salient features: anterior displacement of the coaptation point Ͼ40% anteriorly along the mitral annulus (P/D; Figure 1 ; normally within the posterior 25% to 30% of the mitral annulus; see Discussion) 32 and a leaflet coaptation pattern similar to that seen in fully expressing family members. This pattern of bulging of the posterior leaflet relative to the anterior, which is seen in all patients with posterior leaflet prolapse and many with bileaflet MVP ( Figure  2 ), was seen in 2 members of this pedigree. Because of the striking similarity with fully diagnostic MVP, the prodromal individuals (12768 and 12278) were coded as affected for the genetic analysis.
Genome Scan and Linkage Analysis
Before beginning the genome scan, we used the SLINK 33, 34 program to verify that the pedigree had sufficient power to detect linkage. To determine whether the family was linked to the previously described MMVP1 or MMVP2 loci, we genotyped a subset of the family for the following markers:
Because no evidence for linkage was discovered, the genome scan was performed on 14 family members (identified in Figure 3 ) using a panel of 382 genetic markers that span the entire human genome at approximately 10-cM intervals. The markers make up the MGH Genomics Core Facility linkage panel, the majority of which are from the ABI Prism Linkage Mapping set, version 2.5 (Perkin-Elmer, Applied Biosystems). The average heterozygosity of these markers is 0.79. Specific allele frequencies are available at http://www.appliedbiosystems.com. When additional map resolution was needed, markers were added from the Cooperative Human Linkage Center Weber Human Screening Set, version 8 (Research Genetics). When available, marker distances were obtained from the Marshfield sex-averaged genetic map (http://research.marshfieldclinic.org). Physical location was used to estimate close genetic distances when markers were not on the available linkage map. In most instances other than an X-linked form, 23 familial MVP appears to segregate as an autosomal dominant trait with decreased penetrance. 10, 11, 21, 22 However, we acknowledge that the true genetic model of MVP is unknown; therefore, we initially performed nonparametric linkage (NPL) analysis using the GENEHUNTER program (S all scoring function). 35, 36 This type of analysis examines allele sharing among affected individuals and does not require specification of a genetic model. Therefore, NPL analysis can demonstrate phenotype-allele associations that may be missed by parametric analysis performed with an incorrect model. The GENEHUNTER program limits the pedigree size by using a specific formula whereby 2nϪf must be Յ20 (n is nonfounders and f is founders). GENEHUNTER performs trimming of pedigrees exceeding this size as described in the program documentation. After analyzing the genome scan data, we genotyped all individuals for markers on chromosome 13 (Figure 3 ). To perform genetic analysis on the entire family, we also calculated 2-point parametric logarithm of odds (LOD) scores between the disease and individual markers using the MLINK program of FASTLINK 3.0, a faster version of the original LINKAGE package. [37] [38] [39] [40] [41] In addition, multipoint parametric LOD scores for the entire family were calculated with LINKMAP. 42 Because MVP has been associated with both sex-and age-dependent penetrance, 10,11 our analysis was performed with the model described in the previous linkage reports. 21, 22 Briefly, we assumed an autosomal dominant mode of inheritance with incomplete penetrance and a disease gene frequency of 0.005, with a phenocopy rate of 1% to account for the high incidence of sporadic MVP. Penetrance for adults Ͼ15 years of age was set at 95% for female subjects and 63% for male subjects and at 32% and 21%, respectively, for those Ͻ15 years of age. To prove that our linkage findings were robust given the assumed genetic model, we also used a stringent model in which we excluded all unaffected subjects Ͻ40 years of age and assumed complete penetrance of the disease with no phenocopies. Finally, to overcome the limitations on family size in GENEHUNTER and on the number of markers used in LINKMAP, we performed SIMWALK analysis, which permitted evaluation of the entire pedigree using all 31 markers on chromosome 13. Haplotypes across the linked region were constructed manually and confirmed with both GENE-HUNTER and SIMWALK.
Physical and Transcript Maps
We constructed a physical and transcript map for the new MMVP3 locus using data from the UCSC Human Genome Browser (May 2004 freeze) (http://genome.ucsc.edu/cgi-bin/hgGateway).
Results
The complete pedigree used in the present study is shown in Figure 3 . Both founders were of Western European descent. Blood and echocardiograms were obtained in 43 of 46 subjects (19 male and 24 female subjects; age, 7 to 75 years); the 2 founders were deceased, and subject 203 did not participate. The echocardiographic characteristics of the 9 patients meeting full clinical diagnostic criteria for MVP are provided in the Table. Two of these 9 individuals had moderate to severe MR, 1 had ruptured chordae tendineae requiring surgical intervention, and 0 had a history of endocarditis or sudden death. In the entire pedigree, no extracardiac manifestations of connective tissue abnormalities or Marfan syndrome were present in any family member. Four subjects, 2 with MVP and 2 without, had a history of panic attacks. Three members with fully diagnostic MVP had a combination of chest pain, shortness of breath, and palpitations; of these, only 1 had an ECG diagnosis of atrial fibrillation. No individuals had thoracic cage deformities. One nonaffected individual had a bicuspid aortic valve, and no family member had a history of cardiomyopathy or coronary heart disease.
Echocardiogram Characteristics of Pedigree Members With Fully Diagnostic MVP
Morphological Heterogeneity
Review and comparison of echo images from multiple family members revealed a wide spectrum of phenotypic morphologies. Of the 43 individuals in our pedigree, 9 had fully diagnostic MVP but had varying leaflet involvement, with 5 of the 9 having asymmetric prolapse of the posterior leaflet beyond the anterior, a common pattern in MVP. 17, 20, [43] [44] [45] Leaflet thickening and degree of MR varied, as first described within families by Zuppiroli et al. 27 Six related individuals were designated as having forms not meeting current diagnostic criteria: 2 with the prodromal morphology and 4 with minimal displacement. In addition, 2 spouses in the second generation also had minimal displacement. All of these individuals shared an asymmetry of coaptation (posterior leaflet beyond anterior), as did most of the fully diagnostic subjects. This asymmetry was often reflected in an eccentric, anteriorly directed MR jet, 43 strikingly similar, for example, in a fully diagnostic mother (12184) and her daughter (12191) who had minimal displacement and trace but atypically eccentric MR. In the prodromals, coaptation was displaced anteriorly to a point 50% up the annular diameter (versus the normal posterior location, only 25% up the annulus).
Genome Scan and Linkage Analysis
SLINK analysis performed with our previously described model 22 predicted that the pedigree had Ϸ50% power to detect an LOD score of 2.0, which would provide evidence suggestive of linkage. The maximum predicted LOD score obtained in a sample of 500 replicates was 4.62; the average LOD score was 2.09. Therefore, we performed a genome scan using 14 individuals, including 9 with fully diagnostic MVPs, 2 prodromals, 1 with minimal systolic displacement, and 2 unaffected individuals (parents of generation 3) (identified in Figure 3 ). Inspection of the GENEHUNTER results of the initial genome scan yielded 4 regions with NPL scores Ͼ2.0 and values of PϽ0.05 on chromosomes 4, 11 (58 cM from MMVP2), 13, and 18. The highest scores were obtained on chromosome 13 with D13S170 (NPLϭ3.04; PϽ0.01) and D13S265 (NPL, 6.62; PϽ0.004) (Figure 4) . Given that the best evidence for linkage was on chromosome 13, we searched the genetic marker maps and genotyped the entire family using several markers surrounding D13S265. GENE-HUNTER analysis of the 14-member pedigree using the additional markers yielded a peak NPL score of 18.41 (PϽ0.0007) across a 5.0-cM region between D13S886 and D13S309 (Figure 5) , with a corresponding parametric LOD score of 2.44. The maximum 2-point parametric LOD score obtained with FASTLINK on the entire family was 2.81 with the marker D13S1490, and the parametric multipoint LOD score of 3.17 on the entire family was achieved with LINK-MAP with the markers D13S886, D13S129, and D13S132. To fully use all family and marker information, we then performed SIMWALK analysis for all 31 markers on chromosome 13. This analysis confirms the significance of the GENEHUNTER and FASTLINK results. The NPL peaks at the same location as GENEHUNTER, with nearly identical probability values (Pϭ0.0006 versus 0.0007). Similarly, good agreement was observed in the parametric analysis, with a FASTLINK score of 3.17 and a SIMWALK score of 2.996. To confirm that our linkage findings were robust to model assumptions, we performed parametric and nonparametric analysis using a stringent model of the disease, as described in Methods. The maximum 2-point parametric LOD score obtained with FASTLINK was 2.22 at marker D13S132. GENEHUNTER analysis of the stringent pedigree yielded an identical NPL score of 18.41 (PϽ0.0007).
These results, combined with haplotype analysis in this family, confirm linkage of MMVP3 to an 8.61-cM region on the long arm of chromosome 13 (Figure 3 ). All of the fully diagnostic MVP and prodromal members in this family share a 12-allele core haplotype for the markers D13S265 through D13S892. Five unaffected individuals (12772, 14216, 12776, 12775, and 12276) were nonexpressing carriers of the haplotype, 3 of whom were Ͻ15 years of age and the other 2 were 30 and 36 years of age. This is consistent with a model of age-dependent penetrance as observed in the previous family studies. 21, 22 Of the 4 related individuals with minimal systolic displacement, 2 had the complete haplotype (12270 and 12191), and 1 (13549) carried the disease haplotype for the proximal 3 markers.
A recombination event in individual 12184 between markers D13S794 and D13S265 defines the proximal boundary of the linked region, whereas a recombination event in individual 12591 between markers D13S892 and D13S786 defines the distal boundary. The complete disease haplotype and the locations of the proximal and distal crosses that define the 8.2-Mb candidate interval are shown in Figure 6 . Our results confirm that a third MVP locus, MMVP3, maps between D13S794 and D13S786 on chromosome 13q31.3-q32.1. The current transcript map for the 8.2-Mb candidate region contains 16 genes and shows synteny to mouse chromosome 14 (Figure 7 ).
Discussion
This analysis demonstrates that a new locus for autosomal dominant MVP (MMVP3) maps to the long arm of chromosome 13. This finding further confirms the genetic heterogeneity of MVP, previously linked to chromosomes 11 and 16 and the X chromosome. 23 In contrast with prior negative studies, identifying loci on 3 chromosomes demonstrates the strength of the present approach, combining current diagnostic criteria with systematic genome scanning. Genetic hetero- 
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geneity provides opportunities to explore relationships between genetic defects and differences in disease expression and natural history, 24,25,46 -48 as well as providing helpful clues for gene searches. The genetic analysis has, in turn, provided important clinical insights, revealing a spectrum of expression that included valve morphologies previously considered normal variants but now for the first time recognized as having the same genetic substrate in the familial context. The clinical lessons learned during this and other recent genetic studies challenge the concept that MVP has a consis-tent expression and leaflet thickness within families. 21, 22, 27 Although thick leaflets and MR are associated in individual patients, 20, 26 a spectrum of valvular abnormalities, which may represent variations in disease expression, stage of progression, or modifying factors, occurs within families. This spectrum also includes family members with minimal displacement or the described prodromal morphology who were frequently found in this study to carry all or part of the MVP haplotype (5 of 6 individuals). These may represent either mild or early gene expression, a distinction that requires follow-up studies. Recognizing early forms is important because the disease often manifests clinically in the fifth or sixth decade of life as a severe cardiac event. Earlier targeted intervention to reduce leaflet stresses in genetically susceptible individuals, 49 as in Marfan syndrome with aortic dilatation, 50 could potentially prevent progression to complications and heart failure.
The recognized prodromal morphology, previously unreported, was also observed in the family linked to the MMVP2 locus on chromosome 11. 22 When we reviewed all echocardiograms in that family blinded to haplotype, we discovered 5 individuals with a prodromal morphology who turned out to be carriers of the haplotype, as did another with minimal systolic displacement. In the familial context, therefore, the prodromal finding could acquire diagnostic power. This is reasonable because the salient feature of this morphology, anteriorly shifted coaptation, has been associated with increased posterior leaflet length. This association has been recognized during surgical repair of MVP patients with long posterior leaflets who are more prone to having their coapted leaflets shift anteriorly and obstruct the LV outflow tract, 51 reducible by Carpentier's "sliding" of the posterior leaflet downward. 52 Quantitatively, we have found that the height of coaptation relative to the annulus or LV diameter (P/D or C/LVID in Figure 1 ; see legend for abbreviation expansion) correlated well with the ratio of anterior to posterior leaflet length (rϭ0.83 to 0.85) in the chromosome 11 family. 32 From these findings, minimal displacement can no longer simply be considered a normal variant in the familial context. It shares posterior leaflet asymmetry with the prodromal form and many of those with fully expressed MVP. Posterior leaflet asymmetry has a recognized role in the mechanism of MR 20, 43, 44 and the definition of MVP. 45 These considerations support our retention of such individuals as indeterminate as opposed to unaffected for the genetic analysis. The genetic studies will therefore be important to provide insights into the best clinical approach to individuals with such previously nondiagnostic features.
The association between nondiagnostic forms and MVP loci cannot be extrapolated beyond the context of familial MVP, eg, 2 individuals with minimal displacement who married into the family. However, as in hypertrophic cardiomyopathy where the distinction between normal variation and pathological hypertrophy must be made in genetic studies, the familial context permits the use of more sensitive criteria without sacrificing specificity. 25, 48 Follow-up studies are required to determine whether these nondiagnostic forms progress and what factors correlate with progression.
The current transcript map for the 8.2-Mb MMVP3 candidate region on chromosome 13q31.3-q32.1 contains 16 genes and shows synteny to mouse chromosome 14. Although we have only recently started investigating the potential function of the genes in the region, a few merit consideration as potential candidates. Intimal thickness-related receptor (ITR) has been isolated from a heart cDNA library. It contains an N-terminal signal sequence, 7 transmembrane domains, and a signature motif found in members of the rhodopsin-like G protein-coupled receptor superfamily. ITR-null mice suggest that this gene plays an important role in the regulation of vascular remodeling. 53 Glypican 5 and glypican 6 (GPC5 and GPC6) are members of a family of cell surface heparan sulfate proteoglycans that appear to play an important role in cellular growth control and differentiation. GPC6 has been localized to mesenchymal tissues in the developing mouse embryo. 54 -56 Interestingly, myxomatous valves are known to contain significantly more glycosaminoglycans than control valves. 57 These data suggest that these genes should be given high priority for screening.
In summary, this analysis demonstrates that a third locus for autosomal dominant MVP maps to an 8.2-Mb region on chromosome 13. It further confirms the genetic heterogeneity of MVP and represents an important step toward the identification of MVP genes. Furthermore, in the familial context, the genetic analysis shows that previously nondiagnostic morphologies often represent mild or early stages of expression in gene carriers; this early recognition could potentially enhance our clinical evaluation, with the ultimate aim of developing interventions to limit progression.
